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5HGXFLQJ WKH FDSWXUH FRVW DQG WKH HQHUJ\ HIILFLHQF\ SHQDOWLHV DUH WKH SULPDU\ GULYLQJ IRUFHV WKDW MXVWLI\ WKH
GHYHORSPHQWRIQHZ&2FDSWXUHV\VWHPV,WLVZLGHO\UHFRJQL]HGWKDWWKHUHLVVFRSHIRUODUJHUHGXFWLRQVLQFDSWXUH
FRVWV E\ DSSO\LQJ QHZFRQFHSWV IRU VHSDUDWLQJ&2 LQ WKH FDSWXUH V\VWHP >@$PRQJ WKHQHZFRQFHSWV IRU&2






























SRZHU SODQW LQ D FLUFXODWLQJ IOXLGL]HG EHG FDUERQDWRU RSHUDWLQJ EHWZHHQ &  7KH VROLGV OHDYLQJ WKH
FDUERQDWRU ZLWK D FHUWDLQ FRQYHUVLRQ RI &D2 WR &D&2 DUH GLUHFWHG WR D VHFRQG IOXLGL]HG EHG ZKHUH
FDOFLQDWLRQUHJHQHUDWLRQ WDNHVSODFH&RDO EXUQV LQ WKH FDOFLQHU LQ DQ DWPRVSKHUHRI2&2 DW WHPSHUDWXUHV RYHU
&WRSURGXFHWKHKHDWQHFHVVDU\WRFDOFLQHWKH&D&2EDFNWR&D2DQG&27KLVVHFRQGIOXLGL]HGEHGFDOFLQHU
RSHUDWHVZLWKR[\JHQVXSSOLHGE\DQDLUVHSDUDWLRQXQLW7KH&2FDSWXUHGIURPWKHIOXHJDVHVDV&D&2DQGWKH
&2 UHVXOWLQJ IURP WKH R[\ILUHG FRPEXVWLRQ RI FRDO LQ WKH FDOFLQHU DUH UHFRYHUHG LQ FRQFHQWUDWHG IRUP LQ WKH
FDOFLQHUJDVDQGDUH VXLWDEOH IRU ILQDOSXULILFDWLRQDQGFRPSUHVVLRQ7KHFDOFLQHU UHTXLUHVD UHOHYDQW IUDFWLRQ 
RI WKH WRWDO HQHUJ\ HQWHULQJ WKH V\VWHP LQRUGHU WR KHDW WKH LQFRPLQJJDV DQG VROLGV VWUHDPV XS WR FDOFLQHU
WHPSHUDWXUHVDQGWRSURYLGHWKHKHDW WKDWGULYHVWKHHQGRWKHUPLFFDOFLQDWLRQRI&D&2>@+RZHYHU  WKLVHQHUJ\
OHDYHV WKH V\VWHP LQ PDVV VWUHDPV DW KLJK WHPSHUDWXUH DW 7!& RU LV UHFRYHUHG DV FDUERQDWLRQ KHDW LQ WKH
FDUERQDWRU DW DURXQG & LQ RUGHU WR GULYH D KLJKHIILFLHQF\ VWHDP F\FOH >  @ 7KLV LV D GLVWLQFWLYH





























>@7KLV LV UHODWLYHO\HDV\ LQPDQ\ ORFDWLRQVZKHUH OLPHVWRQH LVFKHDSDQG WKHUH LVDVWURQJGHPDQG IRU&D2IRU
FHPHQW SURGXFWLRQ >@ RU IRU GHVXOSKXUL]DWLRQ LI WKH ERLOHU LV D &)%& EHFDXVH LW KDV EHHQ IRXQG >@ WKDW
GHDFWLYDWHGPDWHULDOIURPWKHFDUERQDWLRQFDOFLQDWLRQORRSLVDYHU\HIIHFWLYHVRUEHQWRI62
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FLUFXODWLRQ UDWHV *V LQ NJPV E\ GLYHUWLQJ VROLGV WR D GHDG YROXPH IRU D FHUWDLQ SHULRG RI WLPH 2WKHU VROLG
VDPSOHVFDQDOVREHH[WUDFWHGGLUHFWO\IURPVHYHUDOULVHUSRUWV$PL[WXUHRIJDVFRQWDLQLQJ&2DLUIURPDEORZHU






FRPEXVWLRQ FRQGLWLRQV LQ D&)%& &ZLWK DLU H[FHVV7KH FDOFLQHU LV DLUILUHG LQ WKHVHSDUWLFXODU
H[SHULPHQWV IRU2&2FDOFLQDWLRQ LQ&)%FRQGLWLRQVVHHUHIHUHQFH>@ &RQWLQXRXVDQDO\VHVRI&22DQG
&2  DUH FDUULHGRXW IURPGLIIHUHQW SRLQWV LQ WKH LQVWDOODWLRQ  =LUFRQLDR[\JHQSUREHV DUH SUHVHQW LQ WKH ULVHUV WR










DQDO\VLVV\VWHPDUHFROOHFWHG LQDFRPSXWHU$OO WKHVROLGVDPSOHV WDNHQIURPWKHFDOFLQHU WKHFDUERQDWRUDQG WKH
ORRS VHDOV DUH DQDO\VHG WR GHWHUPLQH WRWDO&D2 FRQWHQW DQG&D FRQYHUVLRQ WR&D&2 6HOHFWHG VDPSOHV IURP WKH
FDUERQDWRUDUHWDNHQWRPHDVXUHWKHFDUERQDWLRQUHDFWLRQUDWHLQDWKHUPREDODQFHVSHFLDOO\GHVLJQHGIRUPXOWLF\FOH
H[SHULPHQWV VHH >@ $ W\SLFDO KLJK SXULW\ OLPHVWRQH !&D&2ZDV XVHG LQ DOO WKH H[SHULPHQWVZLWK D
SDUWLFOH VL]H UDQJH EHORZ  PLFURQV DQG ZLWK DFWLYLW\ FXUYHV WKDW KDYH EHHQ UHSRUWHG HOVHZKHUH >@ ,Q D
FKDUDFWHULVWLF UXQ D EDWFK RI  NJ RI OLPHVWRQH LV ORDGHG LQWR WKH ORRS VHDOV DQG WKH ULVHUV  7HPSHUDWXUHV DUH














































UHDVRQ KLJK FDSWXUH HIILFLHQFLHV ZHUH RQO\ SRVVLEOH IRU VKRUW SHULRGV RI RSHUDWLRQ VHH )LJXUH  IRU H[DPSOH
1HYHUWKHOHVVVLQFHJDVUHVLGHQFHWLPHVLQWKHULVHUVDUHLQWKHRUGHURIVHFRQGVWKHVHG\QDPLFWHVWVZLWKFKDQJHVLQ
VROLGV FLUFXODWLRQ UDWHV DQG EHG LQYHQWRULHV LQ WKH RUGHU RI PLQXWHV SURYLGH D JUHDW VRXUFH RI H[SHULPHQWDO
LQIRUPDWLRQIRUYDOLGDWLQJWKHSURFHVVDQGIRUGHULYLQJVXLWDEOHUHDFWRUPRGHOV7KHVHG\QDPLFWHVWVDVLQ)LJXUH
DOVRSURYLGHGWKHEDVLVIRUDUHGHVLJQRISDUWVRIWKHWHVWULJWKDWRQFHPRYHGWRDGLIIHUHQWORFDWLRQDOORZHGULVHU
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W\SLFDO WHVW LV VKRZQ LQ )LJXUH  7KH SORW DW WKH WRS LQFOXGHV WKH WHPSHUDWXUHV DORQJ WKH ULVHU KHLJKW RI WKH
FDUERQDWRU7KHSORW LQ WKHFHQWUH VKRZV WKH&2FRQFHQWUDWLRQ EOXH OLQHPHDVXUHGDW WKHH[LWRI WKH VHFRQGDU\
F\FORQHZLWKRFFDVLRQDOPHDVXUHPHQWVDOVRWDNHQIURPWKHJDVLQOHWWRWKHFDUERQDWRU7KHJUHHQDQGUHGOLQHVDUH




 $V FDQ EH VHHQ WKH FDUERQDWRU UHWDLQHG JRRG D[LDO LVRWKHUPLFLW\  & DW DQ\ SDUWLFXODU WLPH ZKHQ
FLUFXODWLRQ UDWHVZHUHDERYHNJPV6XSHUILWLDO JDV YHORFLWLHVZHUHYDULHGEHWZHHQDQGPV$VGLVFXVVHG









































PXFK PRUH VWDEOH LQ WHUPV RI VROLGV FLUFXODWLRQ UDWHV DQG WKH EHG LQYHQWRU\ LQ WKH FDUERQDWRU )RU WKH VDNH RI
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GRWWHG OLQHV DQG WKLV LV FRPSDUHGZLWK WKHPD[LPXP DPRXQW RI&2 FDSWXUH DOORZHG E\ WKH HTXLOLEULXP DW WKH
DYHUDJHWHPSHUDWXUHLQWKHFDUERQDWRUUHDFWRUDWWKDWSDUWLFXODUWLPH$VFDQEHVHHQLQWKH)LJXUHRQWKHOHIWKDQG
VLGH&2 FDSWXUH HIILFLHQFLHV DUH FRQVLVWHQW DQG VWDEOH WR RYHU  DQG FORVH WR  VXSHUILFLDO JDV YHORFLWLHV
EHWZHHQ  PV VROLGV FLUFXODWLRQ UDWHV RI  NJ&D2PV  PD[LPXP DFWLYLW\ RI WKH PDWHULDO 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ZLWK&D2SDUWLFOHV KLJKO\GHDFWLYDWHG DQG FORVH WR WKH UHVLGXDO DFWLYLW\ H[SHFWHG IRUPRVW OLPHVWRQHV 
DIWHUKXQGUHGVRIFDUERQDWLRQFDOFLQDWLRQF\FOHV>@7KLVSDUWLFXODUH[SHULPHQWUDQIRUPRUHWKDQHLJKWKRXUVXQGHU
VWDEOH FRQGLWLRQVZLWK&2 FDSWXUH HIILFLHQFLHV EHWZHHQ ZLWK UHODWLYHO\PRGHVW FLUFXODWLRQ UDWHV 
NJPVDQGVROLGVLQYHQWRULHVFP+2+LJKHUHIILFLHQFLHVZRXOGEHIHDVLEOHLQWDOOHUULVHUVDQGRUZLWKIOXLG
G\QDPLF LPSURYHPHQW LQ RUGHU WR VXVWDLQKLJKHU FLUFXODWLRQ UDWHV DQGKLJKHU VROLGV LQYHQWRULHV LQ WKH FDUERQDWRU
7KH ORZHIILFLHQFLHVPHDVXUHGRQ WKH OHIW KDQG VLGHRI WKH)LJXUH FRUUHVSRQG WR D SHULRGZKHQ WKHRYHQVRI WKH
FDOFLQHU ZHUH VZLWFKHG RII 7KLV FDXVHG WKH WHPSHUDWXUHV LQ WKH FDOFLQHU WR GURS EHORZ & DQG FDOFLQDWLRQ
LQWHQVLW\ WR IDOO ,Q DGGLWLRQ  SURJUHVVLYH FDUERQDWLRQ RI WKHPDWHULDO LQ WKH V\VWHP OHG WR ORZ HYHQWXDOO\ ]HUR




ZDV SRVVLEOH WR FORVH WKH FDUERQ EDODQFH DQG FRPSDUH WKH &2 ORVW LQ WKH JDV SKDVH UHOLDEO\ PHDVXUHG E\
FRQWLQXRXVJDVDQDO\]HUVDQGPDVVIORZFRQWUROOHUVZLWKWKH&2JDLQHGLQWKHFLUFXODWLQJVROLGSKDVHOHVVUHOLDEOH
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FRPEXVWLRQ UHDFWLRQ WKDW WDNHV SODFH LQ D FRPEXVWRU RSHUDWLQJ  ZLWK KLJK 2&2 UDWLRV 7KH OLQN RI FDUERQDWH
ORRSLQJSURFHVVHVZLWKR[\ILUHG&)% WHFKQRORJ\ LVRQH WKH VWUHQJWKVRI WKHSURFHVVRI)LJXUHEXW LW LV DOVR WKH
VRXUFHRI WKHZHDNHVW SRLQWZLWK UHVSHFW WRPRUH H[RWLF HPHUJLQJ V\VWHPV WKH QHHG IRU DQ DLU VHSDUDWLRQXQLW WR
GULYH WKH FDOFLQHU HQWDLOV D VXEVWDQWLDO HQHUJ\ DQG FRVW SHQDOW\ +RZHYHU ZH DUH SXUVXLQJ DGYDQFHG FDUERQDWH
ORSSLQJSURFHVVHV>@ZKHUHWKHUHLVQRQHHGIRUD2ILUHGFDOFLQHUEHFDXVHSDUWRIWKHKHDWJHQHUDWHGLQWKHPDLQ
FRPEXVWLRQFKDPEHURIWKHSRZHUSODQWLVWUDQVIHUUHGE\FLUFXODWLQJ&D2SDUWLFOHVDQGUHIUDFWRU\DVKWRDFDOFLQHU
RSHUDWLQJDWDV ORZD WHPSHUDWXUHDVSRVVLEOH WKDQNV WR WKHGLOXWLRQRI&2ZLWKVWHDP$VSHQ+\V\VVLPXODWLRQV
KDYHSURYHQWKDWWKHFRPEXVWRUDQGWKHFDOFLQHULQWKLVFRQILJXUDWLRQFDQEHGHVLJQHGDVDGLDEDWLFUHDFWRUVDQGLWLV
SRVVLEOH WR UHFRYHU WKH HQHUJ\ SURGXFHG LQ WKH FDUERQDWRU WR SURGXFH RYHUKHDWHG VWHDP 7KHVH WKHRUHWLFDO





7KH WHVW IDFLOLW\ XVHG LQ WKLVZRUN )LJXUHZLOO FRQWLQXH WREHXVHG WRREWDLQPRUH GDWD RQ WKHEHKDYLRU RI





DUHPHFKDQLFDOO\ VLPLODU WR DOUHDG\ H[LVWLQJ ODUJH VFDOH FLUFXODWLQJ IOXLGL]HG EHG FRPEXVWRUV DQG WKHLU HPHUJLQJ
R[\ILUHGFRXQWHUSDUWV
&RQFOXVLRQ
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([SHULPHQWDO UHVXOWV IURP D N: WHVW IDFLOLW\ GHVLJQHG FRQVWUXFWHG DQG RSHUDWHG E\ &6,& 6SDLQ KDYH
GHPRVWUDWHGWKHHVVHQWLDOYLDELOLW\RIWKHSURFHVV7KHUHVXOWVZHUHXVLQJDULJFRQILJXUDWLRQWKDWLQFOXGHGGLIIHUHQW
ULVHU KHLJKWV DQG F\FORQH GHVLJQV DQG DOORZHG REWDLQHG ORQJHU SHULRGV RI VWDEOH VROLGV FLUFXODWLRQ UDWHV DQG EHG
LQYHQWRULHV $WWULWLRQRI WKH OLPHVWRQHZDVYHU\ LQWHQVH LQ WKH ILUVW FDOFLQDWLRQVEXW WKH UHPDLQLQJ VROLGV VKRZHG
OLWWOH WHQGHQF\ WR IXUWKHU DWWULWLRQ  7KH FDUERQDWRU UHDFWRU IXQFWLRQV DV DQ HIIHFWLYH DEVRUEHU RI &2 HIILFLHQF\





















3URFHVV 2SWLPL]DWLRQ LQ 3RVWFRPEXVWLRQ &2&DSWXUH E\ PHDQV RI 5HSRZHULQJ DQG 5HYHUVLEOH
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